INTRODUCTION
============

E2F is a transcription factor family that modulates cellular proliferation, differentiation and apoptosis of eukaryotic cells ([@b1]--[@b4]). It functions as heterodimers with members of the DP family (DP-1 and DP-2). E2F1 transcriptional activity is modulated at multiple levels, including negative regulation by association with the RB tumour suppressor gene product and its related proteins p107 and p130 ([@b5]). The interaction between E2F1 and RB is limited by Rb phosphorylation, which is mediated by the cyclin D/cyclin-dependent kinase-4 at the G1/S transition point, thus releasing E2F1 and leading to cell cycle progression ([@b1],[@b5],[@b6]). In response to genotoxic stress, E2F1 is stabilized by distinct mechanisms, including direct phosphorylation through the ataxia--telangiectasia mutated (ATM) kinase, the ATM and RAD3-related (ATR) kinase and the Chk2 kinase ([@b7]--[@b9]), and also by acetylation through p300/CREB-binding protein associated factor (P/CAF) ([@b10]).

Among seven E2F family members identified so far, E2F1 is unique in that it efficiently regulates both cellular proliferation and apoptosis. Several recent reports have emphasized that apoptosis induction by E2F1 activation can be both dependent and independent of p53. In the p53-dependent pathway, overexpression of E2F1 induces p53 stabilization and accumulation ([@b3],[@b11]), e.g. through direct transactivation of p14ARF/p19ARF tumour suppressor genes ([@b12],[@b13]). In the absence of ARF ([@b14]--[@b16]), E2F1 uses the ATM signalling pathway to induce p53 and Chk2 phosphorylation and thereby apoptosis ([@b9]). In the p53-independent pathway, a variety of key pro-apoptotic genes are directly upregulated by E2F1 activation, including p73 ([@b17],[@b18]), Apaf-1 ([@b19]), and BH3-only proteins, PUMA, Noxa, Hrk/DP5 and Bim ([@b20]). All of them contribute to E2F1-induced apoptosis. Nevertheless, the mechanism by which E2F1 induces apoptosis has not been fully understood.

One of the first function-based gene identification systems in mammalian cells was the so-called technical knockout (TKO) method, where an antisense cDNA library in an episomally replicating vector (episomal shuttle vector) was introduced into human cells and subsequently the cells were screened for the loss of response towards a killing signal. It is assumed that the specific inactivation of a growth inhibitory gene conveys growth advantage in a specific restrictive environment, followed by the selection of phenotypic changes caused by its inactivation ([@b21]). This functional genetic approach led to the identification of several mediators of IFN-γ induced cell death, including cathepsin D protease, DAP3 (death-associated protein-3) and a novel serine/threonine kinase ([@b21]--[@b24]). As the TKO selection requires the transfection of large number of cells with one/few transcription units that express individual antisense cDNAs in the target cells, the maintenance and isolation of these episomally promoted vectors can be difficult to achieve. As retroviruses are the only gene transfer system that efficiently and stably integrates into the genomic DNA of cells thereby readily allowing single-cell cloning, we decided to switch the TKO approach to an oncoretroviral expression system for the introduction of an antisense cDNA library into target cells.

A key element in this approach is a cDNA library, which is enriched in transcripts of genes involved in p53-independent E2F1-mediated apoptosis. In the p53-deficient human osteosarcoma cell line, Saos-2ERE2F1, which constitutively expresses E2F1 fused to the binding domain of the murine oestrogen receptor (ER) ([@b25]), the addition of 4-hydroxytamoxifen (4-OHT) results in the translocation of E2F1 to the nucleus where it activates its downstream target genes. Using this cell system, we previously identified a number of genes with different cellular functions that are upregulated by E2F1 in a cDNA microarray-based analysis ([@b25]). This cell line was utilized here to construct an antisense cDNA library enriched in E2F1-induced genes in a self-inactivating oncoretroviral vector. Following retroviral infection, integrated antisense cDNA fragments inhibited the expression of E2F1-related pro-apoptotic genes, resulting in a reduced susceptibility of the cells to the 4-OHT-induced death signal. With this approach, we identified 13 candidate genes with distinct physiological functions, demonstrating that E2F1-induced apoptosis is regulated at different levels.

MATERIALS AND METHODS
=====================

Cell culture, virus and transfection
------------------------------------

Saos-2ERE2F1 cells have been described previously ([@b25]). Cells were maintained in DMEM (Invitrogen, Karlsruhe, Germany) supplemented with 10% fetal calf serum (Biochrom, Berlin, Germany) at 37°C and in 5% CO~2~. Media for the maintenance of Saos-2 ERE2F1 cells contained puromycin (Sigma, Steinheim, Germany) at a concentration of 1 μg/ml. E2F1 activity in Saos-2ERE2F1 cells was induced by 1 μM 4-OHT. HEK293T cells were maintained in DMEM medium. All retroviral supernatants were produced into Iscove\'s Modified Dulbecco\'s Medium containing HEPES (Sigma). All media were supplemented with 100 μg/ml penicillin and 100 U/ml streptomycin (Invitrogen). The vectors Ad-GFP and Ad-ERE2F1 have been described previously ([@b26],[@b27]). Adenoviral infection was carried out at multiplicity of infection (MOI) 35, which allows 100% transduction of the Saos-2ERE2F1 cell line. Transfection was performed by electroporation ([@b18]).

Preparation of antisense cDNA library and construction of a retrovirus-derived expression plasmid
-------------------------------------------------------------------------------------------------

Saos-2ERE2F1 cells were induced by the addition of 4-OHT at a final concentration of 1 μM. Eight hours after induction, total RNA was extracted by RNeasy Maxi Kit according to the manual (Qiagen, Hilden, Germany) and poly(A) mRNA was isolated by mRNA Oligotex kit (Qiagen). The cDNA library was constructed mainly based on SUPERSCRIPT™ Plasmid System with GATEWAY™ Technology for cDNA Synthesis and Cloning (Invitrogen). Instead of using pSPORT 1 plasmid provided with the kit, a self-inactivating oncoretroviral plasmid, pCAMS/U3EPac ([Figure 1A](#fig1){ref-type="fig"}), was utilized to express the antisense mRNA transcripts. This plasmid was originated from the pCAMS/U3E vector which we previously used in a two-plasmid system to produce GALV-pseudotyped oncoretroviral vectors ([@b28]). For construction of the library, the following modifications were made. First, the plasmid backbone was exchanged to include the oriP from the SV40 virus to improve virus production in HEK293T cells. Second, the MluI site 5′ of the cytomegalovirus promotor was destroyed and re-introduced between the NotI site and the 3′ SIN LTR. Third, the enhanced green fluorescent protein (EGFP) sequence 3′ of the SFFV promotor was replaced by a linker (AscI-3′sequence of SFFV--PacI--NotI) using the oligonucleotides 5′-ACAGGCGCGCCAGTCCTCCGATTGACTGAGTCGCCCGGGTACCGCGG and 5′-TCAGCGGCCGCATGATCTTAATTAACGGGCCCGCGGTACCCGGGCGAC. Oligo-(dT) primers with a NotI restriction site were used to synthesize first strand cDNA, afterwards an adaptor oligonucleotide containing MluI was ligated to the double-stranded cDNA. Following digestion with NotI and MluI restriction enzymes, the cDNA was size-fractionated by column chromatography to remove small cDNA fragments, making the cloning of larger inserts more probable. Only the middle and large size fraction of cDNA (≥200 bp) were ligated in antisense direction into the retroviral vector under control of the SFFV promotor. Ligation products were electrotransformed into XL1-Blue competent cells (Stratagene, Heidelberg, Germany). Colonies from Luria--Bertani agar plates were scraped and pooled; plasmid DNA from primary library was directly extracted with Maxi prep. (MACHEREY-NAGEL, Düren, Germany) without further amplification.

Retrovirus production and transduction of Saos-2 cells
------------------------------------------------------

To package the retroviral antisense library, 5 μg plasmid DNA from the primary cDNA library and 5 μg of the envelope plasmids containing VSV-G ([@b28]) or RD114 ([@b29]) were transfected per 10 cm plate of HEK293T cells using 30 μl FuGENE-6 transfection reagent (Roche, Mannheim, Germany). Forty-eight hours later, retroviruses containing supernatants were harvested fresh, filtered through 0.45 μm and used to infect Saos-2ERE2F1 cells in the presence of 10 μg/ml protamine (Sigma). The gene transfer efficiency of the EGFP expressing VSV-G or RD114 pseudotyped control plasmid into Saos-2ERE2F1 cells was 66 and 59%, respectively, as analysed by flow cytometry on a Becton Dickinson FACSCalibur (Heidelberg, Germany; data not shown). To achieve integration of a single copy of retroviral library vector in the genome, the fresh supernatant was diluted 1:10. Twenty-four hours after infection, fresh medium with 1 μM 4-OHT was added. Cells were cultured in 4-OHT continuously for more than 4 weeks. Thereafter, surviving cells formed single cell clones, which were individually picked and expanded. From these clones, genomic DNA was extracted (Peq lab, Erlangen, Germany) and used as template to characterize integrated genes.

Nested PCR
----------

An aliquot of 100--200 ng genomic DNA was utilized to perform nested PCR to identify integrated genes. The following two primer sets were chosen from the retrovirus vector sequence flanking inserts: outer primers, AGATATGGCCCAACCCTCAGCAGT (sense) and CTACAGGTGGGGTCTTTCATTCC (antisense); inner primers, TCGCGCGCTTCTGCTTCCCG (sense) and TGGCTGTACTCTATAGGCT (antisense). For the first PCR, the following parameters were used: first 10 cycles, annealing temperature was decreased in 0.5°C each cycle from 66°C, followed by 25 cycles at constant annealing temperature of 61°C. PCR products were purified with PCR purification system (MARLIGEN Bioscience, Heidelberg, Germany) and used as templates for a second PCR under the same conditions over 25 cycles. Reaction products were loaded onto 1% agarose gel, and corresponding bands were cut from gels and subcloned into the pcDNA3.1 V5-His topo vector. cDNA inserts were identified by sequencing (Seqlab, Göttingen, Germany).

Flow cytometry and XTT assay
----------------------------

Cell lines were grown under starvation conditions with 1% BSA for 24 h before 4-OHT was added at a final concentration of 1 μM. Cells were harvested at indicated times after infection, fixed in 70% ethanol and stained for DNA content with propidium iodide. Flow cytometric analysis was carried out in a FACSCalibur flow cytometer (Becton Dickinson, San Diego, CA) using CellQuest software. For XTT assay, cells were seeded on 96-well plates and starved for 24 h in 1% BSA before 4-OHT was added at different time points post-induction. TACS™ XTT cell proliferation assay was performed according to the manual (Trevigen Inc., Gaithersburg, MD).

Western blot analysis
---------------------

Cells were lysed in RIPA buffer \[50 mM Tris--HCl, pH 7.2, 150 mM NaCl, 1% Triton X-100 (v/v), 1% Na-Deoxycholate (v/v) and 0.1% SDS (w/v)\] and total protein concentration was quantitated by Bradford assay (Biorad). Samples (100 μg per lane) were separated by SDS--PAGE, transferred to nitrocellulose membranes (Amersham Pharmacia Biotech) and probed with antibodies against actinin α-4 (CHEMICON), melanoma cell adhesion molecule (MCAM) (R&D systems) and small nuclear ribonucleoprotein E (SNRPE) from Santa Cruz Biotechnology (Heidelberg, Germany) according to the manufacturers\' guidelines. Primary antibodies were detected using the appropriate secondary antibody-horseradish peroxidase conjugate (Amersham Pharmacia, Braunschweig, Germany).

Real-time RT--PCR analysis
--------------------------

Total RNA was extracted with the RNeasy Mini Kit (Qiagen) according to the manufacturer\'s protocol and 1 μg RNA was reverse transcribed using Omniscript RT (Qiagen) and Oligo-(dT) primer. The cDNA sample was diluted 1:5. Taqman quantitative PCR was performed using 250 ng cDNA sample, 20× reaction mixture and 2× TaqMan Universal PCR Master Mix (Applied Biosystems, Darmstadt, Germany) according to the manufacturer\'s instruction, in conjunction with ABI PRISM 7700 HT Sequence Detection Systems. Gene expression profile was achieved using the comparative CT method of relative quantification (GAPDH as the endogenous control).

Statistical analysis
--------------------

Statistical significance was calculated by paired Student\'s *t* test. All statistical tests are two-sided.

RESULTS
=======

Establishment of Saos-2ERE2F1 cell lines that survive in the presence of activated E2F1
---------------------------------------------------------------------------------------

A prerequisite for the success of the functional so-called TKO strategy ([@b21]) is the stable transduction of a large number of cells with a vector that expresses high levels of an antisense cDNA library in the continuous presence of activated E2F1 and that can be easily rescued from the stable clones. In contrast to the original TKO system, we chose a self-inactivating oncoretroviral vector system for the delivery of the cDNA library into Saos-2ERE2F1 cells, as oncoretroviruses can efficiently transduce human cell lines usually with oligoclonal integration pattern per cell ([@b28]). For high level expression of antisense mRNA transcripts, double-stranded cDNA fragments were ligated in antisense direction into the modified oncoretroviral plasmid under the control of the SFFV promoter ([Figure 1A](#fig1){ref-type="fig"}), which has been used by us and others for the long-term expression of transgenes in mammalian cells ([@b30]). To test the quality of the cDNA library, plasmid DNA from 11 randomly picked clones was extracted and PCR was performed using primers flanking the integration sites. Nine of the eleven clones contained inserts of different size (cloning efficiency of 80%). The library consists of 5 × 10^6^ independent clones per 1 μg vector. VSV-G or RD114-pseudotyped retrovirus vector expressing the antisense cDNA library was rescued from the supernatant of HEK293T cells and used to infect Saos-2ERE2F1 cells. After 4 weeks, single cell clones that survived under continuous activation of E2F1 were picked, genomic DNA was extracted and the antisense cDNAs were rescued ([Figure 1B](#fig1){ref-type="fig"}).

Identification of antisense cDNA inserts
----------------------------------------

The cDNA inserts contained in the vector that reduced the susceptibility of the clones to E2F1-induced cell death were rescued by PCR. We found 13 cDNA inserts of a size ranging from 300 to 900 bp ([Table 1](#tbl1){ref-type="table"}). Sequence analysis revealed that 12 inserts match to genes encoding proteins of known cellular function, including apoptosis (*ACTN4*, *ATP5J*, *LGAS1* and *UBB*), RNA-binding (*RNPC7*, *RPL8* and *RPL32*) and pre-mRNA splicing (*SNRPE*). For example, Ubiquitin B (*UBB*) was shown to be involved in apoptosis via different mechanisms and is required for the degradation of several pro-apoptotic proteins ([@b31],[@b32]). The nucleotide sequence of one cDNA was unknown. Eleven cDNA clones were identified as fragments and two appeared to be full-length ([Table 1](#tbl1){ref-type="table"} and [Figure 2](#fig2){ref-type="fig"}). The antisense orientation of the cDNA was verified by both restriction and sequence analysis.

Antisense cDNAs rescued from Saos-2ERE2F1 clones in the presence of activated E2F1 confer apoptosis resistance
--------------------------------------------------------------------------------------------------------------

Previous reports have demonstrated that the TKO strategy is a very efficient method to select for positive mediators of cell death ([@b21]). We next performed functional assays to determine whether the isolated antisense fragments could individually convert Saos-2ERE2F1 cells from E2F1 death sensitivity to E2F1 death resistance. In cell clones containing antisense cDNA fragments of three identified genes, *THEM2* (clone R3), *RNPC7* (clone R40) and *ATP5J* (clone R7), E2F1 was stimulated by 4-OHT treatment and the sub-G1 DNA content, indicative for apoptosis, was measured by flow cytometry. As shown in [Figure 3](#fig3){ref-type="fig"}, selective inhibition of these genes resulted in a clear decrease of apoptotic cells (increased resistance against E2F1-mediated cell death) at 32 h after induction \[between 12% (R7), 23% (R3) and 29% (R40)\] compared with stimulated Saos-2ERE2F1 control cells that do not express antisense cDNA fragments (46%). These data suggest that the rescued genes are positive regulators of E2F1-induced apoptosis. Similar results were obtained from cell viability assays shown in [Figure 4](#fig4){ref-type="fig"}. We observed a substantial increase of cell viability (\>70%) in response to E2F1 activation in those cells lines containing antisense fragments of the genes *LGAS1* (clone V5), *MCAM* (clone V25), *ATP5J* (clone R7), *RPL32* (clone V50), *RPL8* (clone V27) and *SNRPE* (clone R60) at 72 h after induction, whereas only 30% of the control cells lacking antisense fragments survived ([Figure 4A](#fig4){ref-type="fig"}). To confirm that the observed phenotype is due to the gene product corresponding to the antisense cDNA, expression plasmids encoding *LGAS1*, *SNRPE* and *ATP5J* antisense fragments were transfected into parental Saos2-ERE2F1 cells. Consistent with the data shown in [Figure 4A](#fig4){ref-type="fig"}, ectopic expression of the antisense fragments resulted in a significantly increased cell viability (\>40%) compared with the untransfected control (\<25%) at 72 h after E2F1 stimulation ([Figure 4B](#fig4){ref-type="fig"}).

Furthermore, changes in the expression of the identified genes in response to E2F1 activation were analysed on protein level. Compared with the expression of, for example, actinin α-4, MCAM and SNRPE in parental Saos-2ERE2F1 cells, cell clones containing the antisense cDNA fragments revealed significantly lower protein levels ([Figure 5](#fig5){ref-type="fig"}). These date support the notion that the increased growth advantage of antisense containing cells is acquired owing to the inhibition of E2F1 target gene expression by the antisense cDNA.

Expression profiles of identified genes in response to E2F1 stimulation
-----------------------------------------------------------------------

As an advantage of the ERE2F1 regulatory system, it enables us to measure the effect of E2F1 activation in the absence of *de novo* protein synthesis, thus allowing the identification of directly activated transcripts ([@b25],[@b33]). To correlate changes in the expression of genes corresponding to the identified antisense cDNAs with E2F1 activation, a subset of genes (*LGAS1*, *ACTN4*, *MCAM*, *SSR4* and *UBB*) was further analysed in the presence of cycloheximide (CHX). By the addition of 4-OHT, a significant increase in the expression intensity was observed for all candidate genes between 8 and 24 h. The genes *ACTN4*, *LGAS1*, *MCAM* and *SSR4* were also significantly upregulated in the presence of CHX (*ACTN4*, *LGAS1*, *SSR4* ≤3-fold; *MCAM* \>100-fold at 16 h), suggesting that they are directly transactivated by E2F1. In contrast, upregulation of *UBB*, for example, found with 4-OHT alone, could not be observed following the addition of CHX ([Figure 6](#fig6){ref-type="fig"}). This result indicates that *UBB* upregulation in response to E2F1 might not be a direct effect. However, since we observed an only moderate increase of *LGAS1*, *SSR4*, and *UBB* in response to the ectopic expression of E2F1, additional experiments are required to unambiguously consider these genes as direct or indirect E2F1 targets.

DISCUSSION
==========

The importance of the E2F1 transcription factor for the induction of apoptosis either in association with p53 or alone is evident by a large number of studies. Most of them suggest that E2F1 controls apoptosis through an indirect mechanism by transcriptional activation of downstream factors, which in turn produce secondary changes in gene expression that trigger apoptosis ([@b12],[@b17],[@b18]). Although the complete mechanism by which E2F1 induces apoptosis is still not understood, it becomes clear from these studies that E2F1 is involved in many aspects of programmed cell death. In this work, we demonstrate that, consistent with other previous reports ([@b21]--[@b24]), applying the functional approach of antisense knockout is a successful strategy for the isolation of novel genes that function as positive mediators of cell death. A growth advantage, conferred by the expression of antisense RNA, serves as a strong positive selection method in an environment restricted to the presence of activated E2F1.

In our study, we identified 12 known genes that are involved in E2F1-induced cell death pathways. Some of these genes have been demonstrated to mediate apoptosis in various cell systems. For example, galectin 1 (*LGAS1*) induced apoptosis in T cell ([@b34]) and some other cell lines ([@b35]). Actinin α-4 (*ACTN4*) was shown to directly interact with DNase Y and to stabilize its endonuclease activity during apoptosis ([@b36]), whereas overexpression of DNase Y alone cannot induce apoptosis. Based on our data, actinin α-4 is directly upregulated by E2F1. Moreover, two ribosomal proteins (RPL32 and RPL8) were identified in this study that belong to a protein family in which other members have been shown to be responsible for cell cycle arrest or apoptosis ([@b37]--[@b39]) in human and mouse cell lines, and to sensitize them for chemotherapy. However, in contrast to our previous cDNA microarray analysis ([@b25]), none of the positive hits is a well-known component of the apoptotic machinery or an established pro-apoptotic target of E2F1. This is likely due to the fact that the functional TKO approach largely depends on the abundance of antisense cDNA in the library and on its inhibitory efficiency. Because of the lack of a full inhibition of the corresponding genes by the antisense cDNA, the functional approach might not pull out major apoptosis inducers.

We analysed apoptosis in a representative choice of cell clones containing the identified antisense gene fragments by measuring the sub-G1 DNA content. Following E2F1 activation, all cell lines showed a clear resistance against E2F1-mediated apoptosis compared with parental Saos-2ERE2F1. Clone R7, for example, containing the antisense cDNA of the F6 subunit from the ATP synthase F0 sector (*ATP5J*), exhibited the lowest apoptotic rate in response to activated E2F1. The proton--ATP synthase complex is located in the inner mitochondrial membrane where it couples the electrochemical potential gradient generated by the oxidoreduction reactions of the enzyme complexes of the electron transport chain to the synthesis of ATP from ADP and Pi ([@b40]). The F0 sector is the membrane sector and is involved in proton translocation. It has previously been shown that the inhibition of ATP synthase suppresses TNF-induced apoptosis in HeLa cells ([@b41]). Our data suggest that the mitochondrial ATP synthase might also be involved in the E2F1 death pathway, although the mechanism is unclear. Thus, together with previously published data indicating a direct modulation of the human cytochrome *c*1 promoter ([@b42]), and upregulation of the apoptosis-inducing factor in the cytosol and the recently identified mitochondrial death-inducing protein DIP by E2F1 ([@b43]), our results support that E2F1 triggers apoptosis by stimulating death-related factors in the mitochondrion.

The same conclusions can be made from the XTT cytotoxicity assay in cells containing the antisense gene fragment of *ATP5J*. Expression of the antisense cDNA clearly protected them from cell death, as judged by an ∼60% (at 72 h) enhanced viability in the continuous presence of activated E2F1. Consistent with its role as a promoter of cellular apoptosis, an even better protection against E2F1-induced cell death (\>80%) was observed through the inhibition of galectin-1 (*LGAS1*). Galectin-1 has been shown to induce apoptosis of macrophages, thymocytes, T and B cells ([@b44]). Pircher and co-workers ([@b45]) detected an increase in galectin-1 synthesis after the activation of murine T cells and suggested that galectin-1 may act in an autocrine negative regulatory system to terminate an immune response by killing T cells. In that context, it was demonstrated that E2F1 is required for the apoptosis of autoimmune immature T cells during thymic negative selection *in vivo* ([@b46],[@b47]). These results implicate a specific role for galectin-1 in E2F1-mediated T cell apoptosis in the absence of p53.

Applying the method of functional selection has resulted in the identification of genes with a wide spectrum of cellular functions. Actin G (*ACTG1*) and actinin α-4 (*ACTN4*), for example, are cytoskeleton proteins; *RPL32* and *RPL8* belong to the group of ribosomal proteins. *ATP5J* is a component of ATP synthase localized in the mitochondria and sequence receptor delta (*SSR4*) is involved in the secretion of proteins. As the most interesting finding of this screening approach, we identified two genes, *RNPC-7* and the *SNRPE*, one common component of all spliceosomal snRNP core complexes in the nucleus of eukaryotic cells ([@b48]). These proteins harbour a RNA-binding motif and participate in pre-mRNA splicing, suggesting that RNA splicing is crucial for mediating E2F1-induced apoptosis. A potential role for alternative splicing in apoptosis was suggested by the discovery of functionally active alternatively spliced variants of major apoptosis regulators ([@b49]), such as Bcl-x, Ich-1, caspase-9, Apaf-1 and Tid1 ([@b50]--[@b52]). In all cases, the alternatively spliced isoforms play an opposing role in apoptosis. For example, the long isoform of Bcl-x (Bcl-Xl) and Ced-4 protect cells against apoptosis, whereas their short isoform (Bcl-Xs) and Cde-4S, respectively, promote cell death. On the other hand, the long isoform of Ich-1 (Ich-1L) induces apoptosis, whereas the short isoform (Ich-1S) inhibits it. Pre-mRNA splicing is a very sophisticated, partially known process, in which over 100 proteins are involved. A potential link between pre-mRNA splicing and E2F1-induced cell death and the underlying mechanism remains to be elucidated.

There is increasing evidence that E2F1 induces p53-independent apoptosis via different cellular pathways, including a variety of pro-apoptotic factors, supporting its role as a key player in an anti-tumour safeguard mechanism. Because of a potential functional redundancy of pro-apoptotic E2F1 targets, it might be possible that some genes are not identified by this approach. Although this study identified several novel E2F1 target genes, which are surely involved in several different pathways, the role of each gene for E2F1-induced cell death remains speculative until further experimental data have been gathered. Of particular interest is the fact that single factors from multifactor complexes, such as ATP synthase or SNRPE, seem to play a role in apoptosis induction even though other components of these complexes could not be identified in our screen. Therefore, it can be anticipated that different complex compositions carry out different functions in distinct cellular contexts. Furthermore, one gene, the MCAM, with a very strong response to E2F1 stimulation but without any currently known relation to apoptosis induction has been identified here. Consequently, follow-up studies analyzing each target gene in detail have to be awaited to further classify particular novel E2F1-regulated genes.

The authors thank Carmen Theseling and Anja Stoll for excellent technical assistance. This work was supported by grant 10-1934-Pü3 from the Deutsche Krebshilfe to B.M.P. Funding to pay the Open Access publication charges for this article was provided by the University of Rostock.

*Conflict of interest statement*. None declared.

Figures and Tables
==================

![TKO selection. (**A**) Schematic representation of retroviral vector pczCAMS/U3E based on MuLV. The antisense cDNA expression library was ligated into the NotI and MluI restriction sites downstream of the SFFV promoter. (**B**) The strategy is based on random inactivation of genes after retroviral transfer of an antisense cDNA library enriched of E2F1-induced genes, followed by the selection of Saos-2ERE2F1 cells that survive in the presence of the apoptotic stimulus. The antisense cDNA library was cotransfected with RD114 or VSV-G into HEK293T cells to generate retrovirus. Cell supernatant was used to infect Saos-2ERE2F1 cells followed by the addition of 4-OHT. DNA was extracted from growing clones and analysed for integrated genes by PCR.](gki581f1){#fig1}

![Identification of integrated genes. A total of 13 genes were identified from indicated clones by NCBI human genomic DNA database search (V = VSV-G; R = RD114).](gki581f2){#fig2}

![Apoptosis resistance of cell clones containing antisense cDNA fragments. Saos-2ERE2F1 cells were treated with 4-OHT and analysed by flow cytometry at indicated time points. Saos2-ERE2F1 cells transfected with a plasmid expressing antisense against p73 (p73-AS) or GFP (GFP-AS) were used as a positive and negative control, respectively. The percentage of cells with a sub-G1 DNA content is as shown (Saos-2ERE2F, black rhombus; Saos2-ERE2F1 plus GFP-AS, grey rhombus; clone R3\_*THEM2*, black triangle; clone R7\_*ATP5J*, circle; clone R40\_*RNPC7*, black square; Saos2-ERE2F1 plus p73-AS, grey square). Each graph represents the mean ± SD of three independent experiments.](gki581f3){#fig3}

![Analysis of cell survival by XTT assay. Cell viability was assayed every 24 h over a period of 3 days after E2F1 activation by 4-OHT. The percentage of viable cells (**A**) from clone V5 (*LGAS1*), clone V25 (*MCAM*), clone R7 (*ATP5J*), clone V50 (*RPL32*), clone V27 (*RPL8*) and clone R60 (*SNRPE*) are shown in relation to parental Saos-2ERE2F1 cells and (**B**) from Saos-2ERE2F1 cells transfected with 10 μg expression plasmid encoding for LGAS1, SNRPE and ATP5J compared with untransfected cells or cells transfected with GFP-AS plasmid. The p73-AS expression plasmid was used as positive control. Data were obtained from three vials per time point measured in duplicate. SD is indicated by error bars; 24 h, black bar; 48 h, grey bar; 72 h, white bar.](gki581f4){#fig4}

![Verification of the gene expression profile on protein level. Serum-starved parental Saos-2ERE2F1 cells and Saos-2ERE2F1 cell clones containing the antisense cDNA fragment of actinin α-4, MCAM and SNRPE were induced by the addition of 4-OHT. At indicated time points, equal amounts of whole-cell extracts were assayed for actinin-α4, MCAM and SNRPE protein. GAPDH was used as a loading control.](gki581f5){#fig5}

![Classification of E2F1 target genes as direct and indirect. Gene expression was analysed in serum-starved Saos-2ERE2F1 cells containing antisense cDNA in the presence of 4-OHT (dark grey bars) and/or CHX (grey bars) after infection with Ad-ERE2F1 by quantitative RT--PCR. All targets are shown at 0, 8, 16 and 24 h after induction. Bars show the copy number ×100 000 (×1000 for MCAM) after normalization for GAPDH as a housekeeping gene. Significant differences (*P* \< 0.05; paired, two-sided *t*-test) between 4-OHT and 4-OHT plus CHX-treated cells are labelled with asterisk. *ACTN4*, *LGAS1*, *MCAM* and *SSR4* are direct targets, whereas *UBB* is an indirect target.](gki581f6){#fig6}

###### 

Genes identified by the TKO selection approach

  Accession number   Gene name   cDNA   Identified    Locus          Frequency   Function
  ------------------ ----------- ------ ------------- -------------- ----------- ------------------------------------------------------
  BC007442           ACTG1       1938   900           17q25          5           Actin G
  NM_004924          ACTN4       3893   580           19q13          6           Actinin alpha-4
  NM_001003703       ATP5J       1303   540           19q13.2        10          ATP synthase, mitochondrial F0 complex, subunit F6
  NM_002305          LGAS1       526    363           22q13.1        3           Lectin, galactoside-binding, soluble, 1 (galectin 1)
  NM_006500          MCAM        3583   663           11q23.3        1           Melanoma cell adhesion molecule
  BC062440           RNPC7       1087   510           14q24.3        1           RNA-binding motif protein 25
  BC000077           RPL8        892    525           8q24.3         1           Ribosomal protein L8
  NM_000994          RPL32       521    Full-length   3q25--p24      2           Ribosomal protein L32
  NM_006280          SSR4        642    360           Xq28           11          Signal sequence receptor, delta
  BC000894           THEM2       616    390           6p22.2         17          Thioesterase superfamily member 2
  BC009301           UBB         943    820           17p12--p11.2   2           Ubiquitin B
  M37716             SNRPE       491    Full-length   1q25--q43      5           Small nuclear RNA protein E
  n.a.               Unknown     n.a.   480           5q33.2         1           n.a.
